Objective: This study aims to examine the association between maternal age, paternal age, and parental age difference at the time of birth and the risk of epilepsy in the offspring. Methods: We carried out a prospective population-based register study of all singletons born in Denmark between 1981 and 2012. Cox regression was used to estimate hazard ratios (HRs) of epilepsy and their corresponding 95% confidence intervals (CIs), adjusted for relevant confounders. Results: We followed 1 587 897 individuals for a total of~25 million personyears and identified 21 797 persons with epilepsy during the study period. An excess risk of epilepsy was found in individuals born to mothers younger than 20 years (HR = 1.17, 95% CI = 1.07-1.29) and born to parental couples where paternal age exceeded maternal age by at least 5 years. The risk of epilepsy increased with increasing parental age gap and was highest when the father was ≥15 years older than the mother (adjusted HR = 1.28, 95% CI = 1.16-1.41). In contrast to maternal age, we found that paternal age did not independently contribute to offspring epilepsy risk, once we accounted for the parental age difference (P = .1418). The observed associations with maternal age and parental age gap were invariant to epilepsy subtypes, but were modified by age of epilepsy onset, with the effect being most pronounced in the first 10 years of the child's life. Significance: Maternal age and parental age gap, but not paternal age, were associated with the offspring's risk of epilepsy. Our results do not support the hypothesis that de novo mutations associated with advanced paternal age increase the risk of epilepsy in the offspring.
| INTRODUCTION
Epilepsy may affect individuals of all ages but is particularly common in young children and older adults. [1] [2] [3] A number of risk factors for the development of epilepsy have been identified, including prenatal factors, 4, 5 but there is limited evidence of the association between parental ages at the time of birth and risk of epilepsy in the offspring. 6 Maternal and paternal age at the time of birth has been associated with disease risk in the offspring in several other neuropsychiatric disorders such as schizophrenia and autism spectrum disorders. [7] [8] [9] [10] [11] [12] [13] [14] [15] In the majority of these studies, the offspring has been found to be at increased risk of neuropsychiatric disorders if they were born to very young mothers, born to older mothers, and born to older fathers. The underlying mechanisms linking parental ages to disease risk in the offspring are not entirely clear and may vary between disorders, but several general hypotheses have been proposed. For instance, young maternal age, and specifically teenaged motherhood, may interfere with educational and employment aspirations and ultimately contribute to socioeconomic deprivation. 7 In many diseases, including epilepsy, there seems to be a social gradient suggesting that children born to parents of lower socioeconomic position are at increased risk of disease. 16 Advanced maternal age, conversely, has been suggested to increase offspring disease risk due to increased rates of genomic alterations, higher cumulative levels of harmful environmental exposures, and higher risk of perinatal and obstetric complications. 17 Finally, prominent hypotheses linking advanced paternal age to offspring disease risk include increased frequency of de novo mutations in the male germline, age-related epigenetic alterations, and selection into late fatherhood by factors associated with disease risk in the child (eg, mental illness). 18 Despite the well-documented parental age effects in psychiatric disorders and the large overlap in the risk factors between psychiatric disorders and epilepsy, 19 little is known about how maternal and paternal age may affect the offspring's risk of epilepsy. A Danish study found increased risk of epilepsy in offspring born to fathers aged 35 years or older, 6 and in an early study published in 1946, epilepsy was reported to occur more frequently in offspring born to older mothers. 20 Nevertheless, these findings stand alone, and further examination of the individual and combined effects of maternal and paternal age is warranted. The aim of this study was therefore to add to this sparse literature and to examine how the risk of epilepsy was affected by maternal and paternal age at the time of birth.
| MATERIALS AND METHODS

| Study design and study population
We conducted a population-based follow-up study among all singletons born in Denmark between January 1, 1981 and December 31, 2012 and whose parents were born in Denmark (N = 1 587 897). The cohort was established using the Danish Civil Registration System, 21 which has complete coverage of all persons living in Denmark since 1968. The register is continuously updated with regard to information on vital status, place of residence, and emigrations. Each person in the register is assigned a unique identification number, which is used for all official and personal registrations. Using the identification number, we were able to accurately link each cohort member to their legal parents and a range of other nationwide social and medical registries.
| Epilepsy
Information on epilepsy diagnoses in all cohort members and their parents was retrieved from the Danish National Patient Register. 22 The 
| Parental age
Parental age at time of birth was retrieved from the Danish Civil Registration System and divided into separate age categories for maternal (12-19, 20-24, • Children of young mothers were at increased risk of epilepsy during childhood, which may be due to biological or psychosocial factors ages between 25 and 29 years at birth were considered the reference category. In addition, we estimated the parental age difference and grouped them as follows: mother ≥10 years older than father, mother 5-9 years older than father, mother 2-4 years older than father, age difference < 2 years, father 2-4 years older than mother, father 5-9 years older than mother, father 10-14 years older than mother, and father ≥15 years older than mother.
| Statistical analyses
The cohort members were followed from birth until onset of epilepsy, death, emigration, or the end of the study period on December 31, 2012, whichever came first. The association between parental ages at birth and risk of epilepsy in the offspring was estimated using Cox regression models. In all analyses, age of the child was used as the underlying time scale and the models were stratified for sex to allow for different baseline hazards of epilepsy among boys and girls. Robust standard errors were used to account for dependency between siblings in the population. We estimated the crude and adjusted effects of maternal age, paternal age, and parental age difference, respectively, on the offspring's risk of epilepsy. Akaike information criterion (AIC) was used to assess the relative quality of models using different measures of parental age. 24 The AIC is a measure used to compare the goodness of fit between unnested models and incorporates a penalty for model complexity. The superior model is the model with the lowest AIC. To examine whether the associations varied with age at onset of epilepsy (<10 years vs ≥10 years), we considered the interaction between parental ages at birth and the offspring's age at onset of epilepsy. Next, we carried out separate analyses for different subtypes of epilepsy and tested whether parental age effects were identical across subtypes by applying the Cox model in a competing risk framework, using the data duplication method described by Lunn and McNeil. 25 Cumulative incidences of epilepsy by sex were estimated using competing risks regression 26 to account for deaths and emigrations. Finally, in a sensitivity analysis, we examined the impact of using a stricter definition of epilepsy, requiring that cases were diagnosed with epilepsy on at least 2 separate occasions. 27, 28 All analyses were adjusted for a range of perinatal and sociodemographic characteristics that were selected a priori, based on the current literature. Information on potential confounders was extracted from various registries [29] [30] [31] and included maternal parity (1, 2, ≥3), the highest level of completed maternal and paternal education at the time of birth (primary, secondary, undergraduate, graduate education), and paternal income in the year the child was born (quintiles by year). All analyses were additionally adjusted for a history of epilepsy in parents, which was treated as a timevarying covariate. Finally, calendar time (cut points: 1981, 1986, 1990, 1994, 1998, 2002, 2006, 2010) was also treated as a time-varying covariate to account for calendar period effects. Proportionality of hazards was assessed using Schoenfeld's scaled residuals. All analyses were conducted using Stata version 14.
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| RESULTS
In this study, 1 587 897 individuals were followed for >25 million person-years and a total 21 797 persons with epilepsy were identified. The median follow-up time was 16 years (range = 0-32 years). Maternal age of cohort members was symmetrically distributed with a median of 29 years at birth (10th percentile = 23 years, 90th percentile = 35 years), whereas paternal age was generally higher and slightly right skewed (median age at birth = 31 years, 10th percentile = 25 years, 90th percentile = 39 years).
The overall incidence of epilepsy in this population was 86.9 (95% confidence interval [CI] = 85.8-88.1) per 100 000 person-years but varied across ages and by gender ( Figure 1 ). The risk of having epilepsy by the age of 30 years was approximately 2.3% (95% CI = 2.2-2.3) for females and 2.2% for males (95% CI = 2.2-2.3). Variation in epilepsy incidence was furthermore observed for a range of perinatal and sociodemographic characteristics (Table 1) and was substantially higher in children born premature, children with low birthweight, children with low Apgar score, and children born to parents with lower educational status and income.
Initial analyses suggested that the risk of epilepsy in the offspring varied with parental age at birth (Table 2) . When adjusted for the other parent's age, young maternal age and advanced paternal age seemed to constitute a risk factor for epilepsy in the child. However, when the estimates were fully adjusted for perinatal and sociodemographic covariates, the effect of parental age weakened substantially. However, a subtle excess risk of epilepsy remained in offspring of older fathers (hazard ratio [HR] in fathers aged ≥45 years = 1.19, 95% CI = 1.07-1.32) and younger mothers (HR in mothers aged <20 years = 1.14, 95% CI = 1.04-1.25).
Further analyses revealed that the risk of epilepsy in the children was better explained when considering the parental age difference rather than the parental ages per se (AIC difference = 19.0; Table 3 ). These findings suggest that children born to parents where the father was at least 5 years older than the mother were at increased risk of epilepsy and that this risk seemed to increase with increasing age gap. Thus, in couples where the father was ≥15 years older than the mother, there was an approximately 30% excess risk of epilepsy in the offspring, compared to offspring of couples with similar age. The analyses furthermore revealed that advanced paternal age in itself was no longer associated with an excess risk of epilepsy in the offspring, once the parental age difference was accounted for (overall P for paternal age = .1418). Young maternal age did, however, continue to carry a risk, even when adjusted for parental age difference (overall P for maternal age = .0306). Given that the age difference provided a better explanation of the parental age effects than the main effects themselves, this model was used for all remaining analyses.
In the analyses of parental ages subdivided by age at epilepsy onset, we found that the association between parental age difference and the offspring's risk of epilepsy was restricted to epilepsies with onset within the first 10 years of the child's life (Table 4) . After the age of 10 years, the effect of parental age difference was no longer evident (P = .319). We also found that the effect of parental age difference was largely similar across different subtypes of epilepsy (P = .7655; Table S1 ). In addition, we divided the cohort into 2 groups (children born 1981-1994 and 1995-2012) , and found that the association between parental age difference and offspring risk of epilepsy was generally consistent across calendar time (Table S2) . However, in children born 1995-2012, the association between parental age difference and epilepsy was more U-shaped, indicating that children born to parental couples where the mother was substantially older than the father were also at increased risk of epilepsy (HR = 1.32, 95% CI = 0.90-1.92).
Finally, when analyses were carried out using a stricter definition of epilepsy, associations with parental age difference generally became more pronounced (see Table S3 ).
| DISCUSSION
In this large population-based cohort study, we found that parental age at the time of birth was associated with offspring risk of epilepsy, which is in line with recent findings from several other neuropsychiatric outcomes. 7, 9, 10, 14, 18 In particular, we found that children born to mothers younger than 20 years and born to parental couples where paternal age exceeded maternal age by at least 5 years were at increased risk of developing epilepsy within the first 10 years of their life. However, although our initial analyses confirmed the findings from a previous Danish study, 6 suggesting that advanced paternal age increased the risk of epilepsy in the offspring, further analyses revealed that this association disappeared when we accounted for the parental age difference. These findings indicate that paternal age does not independently contribute to offspring epilepsy risk, but rather that advanced paternal age only confers a risk when the mother is substantially younger. These findings thereby contrast with hypotheses implicating biological aspects of advancing paternal age in epilepsy (de novo mutations and epigenetic alterations) and lend support to selection mechanisms. Consequently, it is possible that parental couples where the father is substantially older than the mother differ from other couples in their underlying genetic susceptibility of disease, in their behavior, or in other psychosocial characteristics, which may be related to offspring disease risk. For instance, some researchers have studied the behavioral profile of young mothers partnered with older males, and observed an increased incidence of poor school performance, poor health habits, and lower socioeconomic status in both parents. 33 These characteristics may be correlated with known risk factors of epilepsy, such as adverse perinatal outcomes, [34] [35] [36] and thereby account for the observed association. Although no previous studies have examined the role of parental age difference in the context of offspring epilepsy, children of parental couples with dissimilar age have likewise been suggested to be at higher risk of other neuropsychiatric disorders, [36] [37] [38] is an excess risk of epilepsy in offspring born to couples with a large age gap in general and not only when the father was oldest. We found that children born to mothers younger than 20 years were at increased risk of epilepsy, irrespective of the father's age. Psychosocial and cultural factors have been proposed to account for similar findings in a broad range of psychiatric disorders, 7 but biological factors may play an important role as well. Teenage pregnancies are associated with higher rates of risky health behaviors and health risks, such as high rates of sexually transmitted diseases, poor nutritional intake, smoking, alcohol consumption, and illicit drug use, 39 which influence established risk factors of epilepsy, such as fetal growth and development. 34, 35 It is also possible that genetic factors passed on from the mother to the child contribute to both age at childbearing in mothers and offspring epilepsy risk by genetic confounding. Finally, it is possible that residual confounding from incomplete adjustment of socioeconomic factors is more pronounced in the younger parents, as socioeconomic variables will not yet be stable at this age. Our analyses revealed that the association between parental age difference and offspring epilepsy was only evident in epilepsies with childhood onset. These findings align with our current understanding that different etiologies of epilepsy prevail and dominate across the lifespan. Refer to numbers in the crude analyses. For adjusted analyses n = 21 187, person-years = 24 520 086 (see also Table 3 ).
Whereas a larger proportion of adult onset epilepsies are generally believed to be acquired (eg, as a result of traumatic brain injuries, infections, brain tumors, or stroke), epilepsies with onset in childhood are more often thought to be caused by genetic or prenatal factors. 40 In line with these findings, we also found that the parental age effects tended to be more pronounced in syndromic epilepsies, which are largely genetic, and less pronounced in epilepsies with focal onset, which are largely acquired-although differences between epilepsy subtypes were not statistically significant.
In the present study, we find an estimated overall incidence of epilepsy of 86.9 (95% CI = 85.8-88.1) per 100 000 person-years and a cumulative incidence of epilepsy at age 30 years of~2%. These figures are somewhat higher than reported elsewhere. [41] [42] [43] For instance, in a meta-analysis, the pooled incidence estimate of epilepsy in 33 studies was 50.4 per 100 000 person-years 43 and in a USA-based study, the cumulative incidence of epilepsy at age 30 years was~1%. 42 The median age at end of followup in our study was 16 years, and the study therefore comprises a relatively young population, which in part may explain the differences in the incidence rates. In a validation study of the epilepsy diagnoses in the Danish National Patient Register, 23 it was found that~7% of the diagnoses were given on the basis of an isolated unprovoked seizure, and a total of almost 20% of the epilepsy diagnoses did not fulfill the full diagnostic criteria proposed by the International League Against Epilepsy. 44, 45 This may have led to an overestimation of the epilepsy incidence in the present study. However, not all individuals with epilepsy will be admitted to a hospital or be in contact with an outpatient clinic, which may contrarily lower the estimated incidence. The differences may also be explained by more complete registration of cases in Denmark. When we applied a stricter definition of epilepsy (requiring ≥2 hospital contacts with epilepsy), the overall incidence of epilepsy was 48.9 (95% CI = 48.0-49.8) per 100 000 person-years and the cumulative incidence at age 30 years was 1.2% (95% CI = 1.2-1.3). In the analyses, using this definition, the association with parental age was more pronounced. Finally, given the established links between (1) parental age at birth and offspring mental illness 7 and (2) mental illness and subsequent risk of epilepsy, 46, 47 it seemed plausible that the observed association could be explained by the offspring also being more likely to suffer from mental illnesses. However, in a sensitivity analysis adjusted for mental illness, the association between parental age and epilepsy did not change in any substantial manner (data not shown), suggesting that mental illness did not account for the observed association.
| Strengths and weaknesses
This study was based on the Danish population-based registers, and selection into and out of the study was therefore limited. We included all live-born singletons in Denmark for a period of >30 years, providing us with >25 million person-years of follow-up. In total, only 1.6% were lost to follow-up due to either death or emigration before the study ended on December 31, 2012.
The maximum length of follow-up was 32 years, and the study therefore comprises a relatively young population. This may restrict the generalizability of our findings to epilepsies in children and younger adults, and any impact of parental ages at birth on epilepsies that emerge in older ages is therefore unclear.
Information on the occurrence of epilepsy was entirely register-based. Significant changes in the registration of epilepsy occurred in 1994, when the classification system in the register changed from ICD-8 to ICD-10, and again in 1995, when outpatient and emergency room contacts were included. These changes led to a significant rise in the registration of epilepsy. 1 To account for these calendar period effects, we adjusted all analyses for calendar time as a time-varying covariate. In addition, analyses in 2 subcohorts of children born 1981-1994 and 1995-2012 showed that the association between parental age and epilepsy was comparable in children born both prior to and after 1995. Information on parental age at the time of birth was extracted from the Danish Civil Registration System. Because the date of birth is integrated into the personal identification number, the estimation of parental age is considered to be very accurate. We categorized parental age into 5-year intervals, except for those of very young (12-19 years) and advanced (≥40 years for maternal age and ≥45 years for paternal age) ages. Although it would have been relevant to consider even older age groups (eg, ≥45 years for maternal age and ≥50 years for paternal age), we did not have sufficient power to undertake such analyses.
Finally, given the multitude of information available in the Danish population-based registers, we were able to adjust our estimates for a range of relevant confounders. Given that the study population was restricted to those whose parents were born in Denmark, we had access to good quality data on sociodemographic variables such as income and education, and good insight into family history of epilepsy. Nevertheless, we cannot exclude that some residual confounding exists, due to unmeasured variables or incomplete adjustment.
In summary, in this large population-based study, we were able to undertake a nuanced examination of the interplay between maternal and paternal ages at the time of birth and their separate and combined impact on offspring epilepsy risk. Future research efforts should seek to clarify the mechanisms underpinning these associations. Mother 5-9 y older than father Estimates are adjusted for parity, maternal and paternal education, paternal income, parental epilepsy, and calendar year and stratified by sex.
